We perform a QCD sum rule analysis for the light tetraquark taking into account the contribution arising from the two pion intermediate state. We demonstrate that the interpolating current of maximum chirality, constructed from the currents of different chiral combinations of scalar and pseudoscalar diquarks, has a large coupling to the two pion state. On the contrary the current with zero chirality has only a weak coupling to this state. The possibility of using of these currents as interpolating currents for f 0 (600)-meson is discussed.
Introduction
One of the direct ways to investigate the properties of the exotic states is the QCD sum rule (SR) approach. Recently, this method was applied for study of the scalar tetraquark states with different interpolating currents. It was shown that the light 0 ++ mesons (σ(600), κ(800), a 0 (980) and f 0 (980)) might be interpreted as four-quark exotic states [1], [2] , [3] . The investigations give additional support to the possible four-quark origin of these states in the line of the previous studies within different constituent quark models (see [4] and references therein). In this SR analysis only exotic resonance contributions to the phenomenological part of SR has been considered so far. However, it is well known that the tetraquark can couple also to two meson states which have nothing to do with the real exotic resonances [5] . Within the QCD SR approach this means that one should consider additionally the possible contribution to the phenomenological part of the tetraquark SR arising from colorless two meson states. It is quite evident that for the various color, flavor and Lorenz structures of the interpolating currents the coupling to this state can be rather different.
In our previous paper [3] , it was demonstrated that the interpolating currents with equal weights of scalar and pseudoscalar diquarks yield a strong cancellation of the contributions coming from high dimension operators and direct instantons. It was shown that such cancellation is related to the specific chirality structure of the interpolating currents. Thus by choosing the appropriate interpolating currents one can avoid the problem of huge contributions to the tetraquark SR from high dimension operators. In this way we have obtained a stable SR for the light tetraquark meson with uūdd quark content.
In this Letter we extend the previous study to include the two pion contribution to the QCD SR. Our goal is to demonstrate the importance of such contribution for some type of interpolating currents. In section II we obtain the contribution to SR of the two pion state for the interpolating current, with arbitrary mixing of scalar and pseudoscalar ud-diquark, by using soft pion theorems. In section III the numerical analysis of the corresponding SR is done, and in section IV we give the summary of our results.
Two pion contribution to QCD sum rule for light tetraquark
The starting point of the QCD sum rule for scalar meson is the dispersion relation of the correlator:
where the correlator is defined by
with the interpolating current J f 0 (x) for the scalar meson. The imaginary part of the correlator is given by the spectral sum over the various intermediate particle states
In the single narrow width resonance approximation and with the assumption of the hadron-quark duality, the contribution to the phenomenological part of SR coming from the first three diagrams shown in Fig. 1 is usually considered. In this case the imaginary part is the following
where f f 0 is the residue of the resonance, m f 0 is its mass, s 0 is the continuum threshold and Π OP E is the correlator within the standard operator expansion (OPE).
High dimension OPE In ref. [3] , we have shown that the the correlator of the interpolating current consisting of the scalar and pseudoscalar diquarks
where
and Γ S = Cγ 5 , Γ P S = C, Γ i = γ 0 Γ † i γ 0 has very specific properties for particular choices of the mixing parameters α = ±β. Indeed, it was found that these choices of mixing parameters lead to the cancellation of the contribution of high dimension operators in the OPE, as well as some dangerous direct instanton contributions. The contribution from the two pion state to the imaginary part of the correlator (the last diagram in Fig.1 ) appears as a product of the phase space of the two pions
with the two flavor quark ψ. Ignoring the isoscalar part, in terms of flavor, the relevant terms in the current which will include pions are
. (9) By using the PCAC relations in SU(2) f in the limit
being φ a the pion field, and a the isospin index, we rewrite the above interpolating current in terms of the pion field as
Therefore, we have
where the Gell-Mann-Oakes-Renner relation (11) has been used. The imaginary part of the correlator from the two pion state becomes
Incorporating this contribution from the two pion state, the QCD sum rule for the light tetraquark becomes 1 π
whereB[Π I+Ī (q)] means the Borel transformed instanton effect.
In the numerical analysis below we use the results for the standard OPE and direct instanton contributions to the correlator obtained in our previous paper [3] . For massless u-and d-quarks the relevant parts of the correlator are given by
and
where n ef f is the effective instanton density, m * q is the mass parameter in quark zero mode Green's function in the instanton field, ρ c is average instanton size. The functions f 6 (q), f 0 (q) are defined by
and after the Borel transform they becomê
where X = (1 − t)/t and K n (x) is the McDonald function 3 . It is evident from Eq.14 and Eq.15 that if the relation α 2 = β 2 holds then the contribution of the high dimension operators in the OPE and part of the direct instanton disappear from SR. In fact in this case only the perturbative and the gluon condensate chirality conserved contributions contribute to the OPE (see discussion in [3] ). Below we consider the two pion contribution to SR only for these values of the mixing parameters, because only in this case one can avoid the problem of the violation of stability in the SR associated with huge contributions coming from high dimension operators and direct instantons.
3 Note that only the contribution from the pole at finite quark separation x 2 ∼ −ρ 2 c has been considered in Eq.16 [7] .
3 Numerical analysis of the sum rule including the two pion contribution
The tetraquark interpolating current Eq.5 can be decomposed into two parts with definite chiralities [3]
For α = β, the value of chirality is zero and for α = −β the current carries four units of chirality.
The numerical analysis of the SR for α 2 = β 2 case is done with the following condensates and average size of the instanton
The relation between the instanton parameters as given by the simplest version of Shuryak's instanton liquid model [8] , [9] 2n ef f m * 2
has been used. We fix the value of the threshold by s 0 = 1 GeV since our results below show only weak dependence on this parameter within the interval s 0 = 1. ÷ 1.5 GeV. In the Figs. 2 and 3 , the contribution from the OPE together with direct instantons (the first two terms on the left hand side in Eq.(13)) and the contribution from the two pion state are shown as functions of the Borel mass M for the maximum chirality case of α = −β = 1. As the result of the huge contribution coming from the two pion state, the left hand side (LHS) of the SR Eq.(13) becomes negative and therefore it is impossible to obtain information about resonance state with this SR.
We observe the opposite situation for zero chirality, α = β = 1. In Figs. 4 and 5, the contributions from the OPE with instanton and the two pion state are shown for this case. Here the contribution from the two pion state is very small, so that the SR allows to extract the mass and the residue of the resonance, as shown in Fig. 6 and Fig. 7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . The mass of the resonance m f 0 ≈ 700 MeV is determined by the dominant direct instanton contribution to the SR and crucially depends on the value of the average instanton size in the vacuum. For example, for the value ρ c = 2.5 GeV −1 , supported by lattice calculations [10] , the fitted mass of tetraquark is around 500 MeV. Therefore, we conclude that tetraquark SR with interpolating current with mixing α = β describes the experimental value of the mass of the f 0 (600)-sigma meson, m f 0 (600) = 400 ÷ 1200 MeV [11] . More exact definitions of the properties of f 0 (600) meson might be possible if one incorporates its mixing with usualstate, multiinstanton effects etc.
Conclusion
To conclude, we have obtained an estimate of the two pion state contribution to the QCD sum rule for light tetraquark. We have shown that the sum rule for the correlator for
